Why there is no spin-orbit inversion in heavy-light mesons? 
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Abstract 

We show that the absence of spin-orbit inversions in heavy-light mesons can be explained by the 
chiral radiative corrections in the potential model. A new potential model estimate is given of the 
masses for P-wave bottom mesons. 
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I. INTRODUCTION 



It was suggested long ago by Schnitzer that the strong spin-orbit interaction of the scalar 
confining potential would lead to spin-orbit inversions in P-wave heavy-light mesons, with 
the claim that their observation would confirm the scalar nature of the confining potential [l| • 
This spin-orbit inversion was later reaffirmed in studies with more sophisticated potential 

nn 

models |2J, y] . However, contrary to these studies, the observed masses of the P-wave charmed 
mesons do not exhibit spin-orbit inversion. 

In this paper we show that if the one loop chiral corrections are taken into account 
then spin-orbit inversions disappear, and the experimental data can be understood within 
the potential model. Our result suggests that the absence of spin-orbit inversions in the 
observed P-wave mesons should not be interpreted as the failure of potential model or the 
confining potential be of non-scalar type, but, rather, should be regarded as a support for 
the potential model that is augmented by radiative corrections. 



II. THE MODEL 

We use the relativistic potential model of heavy-light system based on the chiral 

quark model, with the axial coupling of the light mesons put in explicitly. The Lagrangian 
reads 

C = &(ido-H)* + g A *4>y s * + CTL 

« &(id - H)V + ^-f a^A^j + , (1) 

where II = Yl a =i 7! ' a ^ a an d ^ % = (u, d, s) are the light octet mesons and the light quark 
fields, respectively, and £n denotes the chiral Lagrangian for the light mesons, and 

A^^dpt-td^) (2) 

with £ = e* 11 / 2 ^ . The Hamiltonian H is given by 

H = H + ^H 1 + --- (3) 

where M denotes the heavy quark mass. The leading Hamiltonian H in the heavy quark 
mass expansion reads 

H = 7°(-i ^ + m)+V(r) (4) 



where m = m^jj and V(r) denote the constituent quark masses and the potential, respec- 
tively. 

The spectrum of the resonances in conventional potential model is obtained by solving 
the Dirac equation from H , followed by time- independent perturbations of the subleading 
terms. The free parameters of the model are fixed by fitting the predicted masses to those of 
the observed resonances. The masses obtained this way do not agree well with the P-wave 
charmed mesons, for instance the mass of D s (2317) is much lower than the potential model 
prediction. 

Since the heavy-light mesons are chirally active the masses in the potential model get 
chiral radiative corrections via the axial coupling. We pointed out in [6j that the one loop 
corrections are sizable, comparable to the 1/M corrections, and must be incorporated in 
potential model calculations. 

The chiral radiative corrections were successful in understanding why D s (2317) and 
.D(2308) have such close masses. In general, potential models predict, roughly, about 100 
MeV larger masses for strange states over their non-strange counterparts, and the gap de- 
fined as 

gap = [m(D(0+)) - m(D(0"))] - [m{D s {0+)) - m{D a {0-))] (5) 

almost vanishes in potential model, whereas, experimentally, the gap is about 95 MeV. 
When the chiral radiative corrections are taken into account, however, the potential model 
predicts a gap that is not only consistent with the experimental value but also insensitive 
to the ultraviolet (UV) cutoff, with the main contribution to the gap coming from the low 
energy region of about 250 MeV, far down the cutoff jy] . 

The potential model being nonrenormalizable the loop corrections depend on the regular- 
ization scheme chosen. In Ref. [6| we introduced a three- momentum UV cutoff regulariza- 
tion, and here we employ the same scheme. Our potential model with radiative corrections 
is thus the relativistic potential model ([!]) with the three-momentum cutoff regularization. 



III. SPIN-ORBIT INVERSION 



In this paper we take the model in Ref. 5| as a reference potential model of conventional 
type. The model predicts spin-orbit inversions in D, D s as well as in B, B s mesons. For 
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example, with the meson states denoted by H(l,j,J), the P-wave states D s (l,^,l) and 
D s (l, |, 1), which have the same hyperfine splitting, are predicted to have masses 2605 MeV 
and 2535 MeV, respectively. However, the experimental values are 2460 MeV and 2535 MeV, 
respectively, and there is no spin-orbit inversion. Spin-orbit inversions are also predicted in 
D-wave states as well. For instance, the masses of D s (2, |, 2) and D s (2, |, 2) are, respectively, 
2953 MeV and 2900 MeV. The spin-orbit inversions in D-wave states have not been tested 
yet, but as we shall see, when the radiative corrections are taken into account there should 
be no spin-orbit inversions in D-wave states. 

To understand the absence of spin-orbit inversions within the potential model one must 
consider a new effect that origins from the terms in the Hamiltonian that do not depend on 
the heavy quark mass, since the spin-orbit inversions survive in the heavy-quark limit. We 
shall show that the chiral radiative corrections can be such a new effect. 



IV. RADIATIVE CORRECTIONS FOR P AND D-WAVE STATES 



In Ref. |6j we calculated the loop corrections for S and P-wave states with j = \ 
to estimate the mass gap. In this paper we extend the calculation to P-wave states with 
j = 3/2 as well as D-wave states with j = 3/2 and 5/2. The loop corrections can be obtained 
similarly as in Ref. p], to which we refer the readers for details. The loop amplitudes can 
be most conveniently organized by decomposing the plane wave of the internal light-meson 
propagator into spherical harmonics. A loop amplitude is then given as a sum over the 
angular momentum quantum numbers l n ,m n and j n ,m n of the light meson and internal 
state, respectively, in the Feynman diagram. The summation over m^, m n can be performed 
exactly and the final result for the one loop correction to the energy of the P and D-wave 
states, labeled by the quantum numbers m = (n, l,j, rrij, q), can be written as 

A£m P = E E ^ J ( m ' n > Wk, L, in), (6) 
n 7T,Iti 

where the factor C(l v , Z n , j n ) is given by 

C(l n ,l n , jn) = in + 2 ( 7 ) 
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for l m = 1, j m = 1/2, and 
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for / m = 2, j m = 5/2. Here, following the notation in ref. 
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(8) 



(9) 



(10) 



(11) 



(12) 



(13) 



where .E, = \/k 2 + m 2 , with m, denoting the light-meson masses, and i?^ n and 
/m,n(^), 9m,n(^) are the eigenvalues and radial wave functions of the eigenstates of H , 
respectively, ji(kr) denotes the spherical Bessel functions, and in Eq. (jSJ) ( n denotes the 
SU(3)fl avor factors. 
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=0 2F 



=1 §D §D 3G 



1 3 5 7 9 

=2 2P 2P 2F 3F 2H 

1 3 5 7 „ 9 „ 11 
= 3 2S 2D 2D 2G 2G Tl 

3 5 7 9 11 13 

=4 2P 2F 2F 5H ~H "J 



TABLE I: Internal states 3 L allowed at given l n in corrections for a state with j = 5/2, 1 = 2. 



The selection rule for the internal states, labeled by n, and the quantum number l w in 
the summation in Eq. (jBJ) is given by 



1-k + lm + ln = odd integer 



(14) 



and 



(15) 



which come from parity and angular momentum conservations at the vertex in the loop 
diagram. As an example, the possible internal states in corrections for a D-wave state with 
j =5/2 are listed in Tabled] for low values of l v . 



V. MODIFIED ENERGY LEVELS 



We can now see how the spin-orbit inversions are affected by the radiative corrections 
given in the previous section. For this we focus on the effects of the loop corrections on the 
existing potential model predictions in Ref. j^. 

The new energy levels, denoted by E m , that include the radiative corrections can be 
related to the energy levels of the conventional potential model by 

E m = E m + 5E m + 8E l ™P (16) 

where E m denotes the conventional energy levels which contain the leading order level E^ as 
well as the 1/M corrections, and SE^ denotes the shift in the leading order level E^ caused 
by the shift in the fitted values of the parameters of the model, which was induced by the 
introduction of radiative corrections 5E^ P in the fitting of the parameters. The relation 
ffTB"]) is valid to the leading order of the loop corrections. 
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5E loop 6E l °° p 5E Xoop 5E lo T 5E lo ? p 5E loop SE lo ° p 5E loop 

\ ^ ~ 1 . ~ . d 1 ^ ^ 2^^^fx 2^^^ 5 2 



-261 -183 -344 -181 -257 -184 -275 -184 

TABLE II: Loop corrections SE°° P for P and D-wave states in the lowest radial excitations. (Units 
are in MeV.) 



Now applying the relation ([16]) to states with differing j but otherwise same quantum 
numbers in the heavy-quark limit we have 

Ej - E f = E j - E r + 6E l ° op - 6E l ° op + 5(E° - E%,) , (17) 

where the quantum numbers other than j are suppressed. Obviously, 5E® cannot be obtained 
without refitting the parameters of the model, which is beyond the scope of the present 
paper, but, fortunately, the differences S(E^ — E®,) are expected to be small since E® — E®, 
are already small, between 20 and 50 MeVs, for those states considered here. We can thus 
ignore the last term in fTTTl) to obtain 



Ej - Ej, = Ej - Ej/ + 5Ef op - SE l ° op . (18) 

This equation with the loop corrections is our main tool for the investigation of the spin-orbit 
inversion. 

Let us now focus on the spin-orbit inversions in P-wave states. Using the result in the 
previous section we obtain numerical values for the loop corrections SE°° P for strange and 
non-strange mesons in P and D-wave states (see Table HT])- The numbers were obtained 
using the fitted parameter values given in Ref. 5j and the UV cutoff put at 700 MeV. In our 
model the UV cutoff is a parameter that should be fixed along with other potential model 
parameters by a fitting similar to that performed in Ref. [5j . In the absence of the fitting 
we here pick up the preferred value for the cutoff suggested in Ref. where the value 700 
MeV was found to give a reasonable size for the loop corrections. 

Looking on Table [TT] we notice that the magnitudes of the loop corrections are larger 
for states with smaller j, and this feature will be crucial for understanding the absence of 
spin-orbit inversions. 

We shall first consider the effects of the loop corrections on the P-wave D s mesons. In the 
following all the states, labeled as before by H(l,j, J), are in their lowest radial excitations. 
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We shall assume that the modified energy level for the state D s (l, |,0) coincides with the 
experimental mass of ^(2317), and then estimate the masses of j = 1/2 and 3/2 states. 
Reading the values of the conventional energy levels from Ref. js| and loop corrections from 
Table [IT] we find the following new energy levels of the states related by Eq. ( fT8l) : 

E D . {1 i A) = 2435 MeV, 
^ s(1)fil) = 2527 MeV, 

^(i,|, 2 ) = 2573 MeV. (19) 

Comparing this result with the experimental values 2460 MeV, 2535 MeV, and 2573 MeV, 
respectively, we see there is good agreement between the new levels and data, and there are 
no longer spin-orbit inversions. 

Using the same procedure we can obtain the modified energy levels for P-wave D mesons 
as well, and the result is summarized in Table IIHI We assumed the mass of D(1,~,0) 
coincides with the Belle measurement 2308 ± 36 for D(0 + ) Ml. The Belle mass for D(l, h, 1) 

Q 

is 2427 ± 42 [7J, and considering the large uncertainty in the measured value we find our 
estimate is consistent with data in D mesons as well. We note, however, that if we use the 
FOCUS value 2407 ± 41 for D(0 + ) mass [s| then our estimate is no longer consistent with 
data. 

We can now use Eq. ffl6|) . along with Eq. (Tl8]) . to estimate the masses of the P-wave 
bottom mesons. We shall first compute the mass for B 8 (l, |, 0), which is the counterpart of 
D s (2317). Since the loop corrections are independent of the heavy quark mass we see that 
the last two terms in Eq. (1TB1) to be heavy-quark mass independent, so we get 

E B 3 (i,j,j) ~ E Ba (i,j,j) = E DsilJtJ) - E Da{lJjJ) . (20) 

Identifying again E Ds ^ i ^ with the mass of -D s (2317) we find E Bs ^i^ = 5634 MeV. With 
this energy level we can then compute the levels of other P-wave states following the same 
procedure used for charmed mesons. The result is summarized in the first row for E in Table 
IIVI An interesting feature of our estimation is that for j = 1/2 the B s mesons have almost 
equal or slightly smaller masses than their non-strange counterparts. 

The masses for the P-wave bottom mesons can be obtained in a slightly different way 
using the measured P-wave charmed meson masses. Identifying the modified energy levels 
E for the charmed states with m expt . in Table [TTT1 we can use Eq. ( 1201 to obtain the modified 
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TABLE III: Modified energy levels E for P-wave charmed mesons. E quoted from Ref. [5J]. (Units 
are in MeV.l 
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TABLE IV: Modified energy levels E for P-wave bottom mesons. E quoted from Ref. [5J. (Units 
are in MeV.) 



levels for the bottom mesons. The result is given in the second row for E in Table IIVI 
Although this method does not employ the chiral loop corrections explicitly the numbers 
agree well with those from the first approach. This is an encouraging evidence for the 
consistency of our picture of the heavy-light meson as a potential model bound state with 
chiral cloud. 

Now for D-wave mesons we can use Eq. (1TB]) to compute the mass differences within 
the families. In Tables |V|VII the mass differences A = Efj(2,j,j) — Eh(2 2 i) are summarized. 
As in P-wave states there are no longer spin-orbit inversions when the loop corrections are 
incorporated in. 



VI. CONCLUSION 



We have calculated in relativistic potential model the one loop chiral corrections for the 
energy levels of the heavy-light mesons in P and D-wave states with j = 3/2, 5/2, and shown 
that the loop corrections can explain the absence of the spin-orbit inversions in charmed 
mesons. The disappearance of spin-orbit inversions by the loop corrections is not confined 
to P-wave states only, as we have explicitly shown with D-wave states, and appears to be 
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D(2,|,2) £>(2,§,2) 15(2,1,3) 15,(2,1,2) D s (2, § 


2) 5>,(2,§,3) 


A 


38 53 77 40 78 


103 



TABLE V: Level differences in D-wave charmed mesons. (Units are in MeV.) 





5(2,|,2) 5(2,|,2) 5(2,f,3) 5,(2, f, 2) 5,(2, §, 2) 5,(2, |, 3) 


A 


12 33 41 13 59 67 



TABLE VI: Level differences in D-wave bottom mesons. (Units are in MeV.) 

a generic feature of the potential model. We proposed that the discrepancy between the 
observed masses and potential model predictions for heavy-light mesons can be remedied 
once the chiral loop corrections are included, and this allowed us to predict the masses for 
the P-wave bottom mesons which may be tested in the near future. 
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